The influence of water-to-cement ratio (w/c) 
INTRODUCTION
Large amounts of spent ion exchange resins (spent resins) are constantly generated from water purification in a nuclear reactor. These spent resins are classified as low level or intermediate-level radioactive waste (IAEA 1985) . Spent resins often contain high concentrations of radioactivity such as Cs-137 and Co-60, with half-lives of 30 and 5.3 years, respectively (Travcar et al. 2007 ). Generally, one of the most common treatment methods in the nuclear industry for treating spent resins is using cement solidification. This method typically involves the mixing of spent resins with cement to reduce the radionuclides mobility by both physical and chemical mechanisms. Most of the cemented radioactive wastes are stored and disposed at near surface (Ojovon et al. 2011) . Hence, there are some critical properties that must be considered to ensure the cemented waste form durability in disposal facility (IAEA 1993) . Cemented waste form properties of the highest interest are mechanical and thermal properties, radiation stability and leach resistance (IAEA 1985) . The knowledge of mechanical properties is essential to guarantee that the product will have adequate strength to allow normal handling, transport and storage (Lee & Wilding 1989) . The mechanical strength of cemented waste form can be determined by performing compression strength test on a standard cylindrical or cube specimens. This compressive strength indicates the compressive loading required to fracture the cemented waste form (IAEA 1985) . One of the most important factors affecting mechanical strength of cemented waste form is water-to-cement ratio (w/c). It is also the dominant factor which affects cement hydration since w/c directly controls the volume of water available for hydration of each unit cement particle, as well as the spacing between the cement particles (Hu et al. 2014) . The optimum amount of water is required to produce a homogenous mixture in a reasonable time and the final waste form has good mechanical strength. If too little water, the mixture will be stiff, difficult to mix and compact. Nevertheless, too much water will result in a fluid mix and produce a weak and permeable product (Glasser 2011) .
The spent resins from a nuclear reactor are a problematic type of waste (IAEA 2002) as it is the most difficult type of radioactive waste to be cemented (Junfeng & Jianlong 2006) . The spent resins tend to swell after contact with water especially when the resin content is higher (IAEA 1985) . The swelling can result in micro cracks in the cement and a change in the overall of the cement structure (IAEA 2002) . Therefore, the strength of matrix that relates to the resins loading and the water-to-cement ratio is of most concern. In this study, biochar was selected as a cement admixture for spent resins solidification. Biochar has a relatively structured carbon matrix with high degree of porosity and an extensive surface area and it may act as a surface sorbent when activated (Chen et al. 2011 ). This study was performed to investigate the influence of w/c on the compressive strength of cement-biochar-spent resins matrix. The characterization studies of biochar and spent resins were conducted prior to the formulation studies. The effect of immersion test on the compressive strength was then performed on the prepared specimens.
MATERIALS AND METHODS

BIOCHAR PREPARATION AND CHARACTERISATION
Biochar used in this study was obtained from Universiti Putra Malaysia, Serdang Selangor. The biochar was produced from the pyrolysis of oil palm empty fruit bunch (EFB) at medium temperature (250 -450°C). Then, it was ground and sieved by USA Standard Sieve No. 18 (corresponding to 1 mm) before being used for the formulation studies. Some properties of the biochar were investigated. pH of biochar was determined by dissolving 1.0 g of biochar in 100 mL of distilled water and then shaking for 24 h and pH then determined using a pH meter (Trans Instruments Model BP 3001). Elemental C, H, N and S were determined using CHNS Analyser (Model CHNS-932, USA). Proximate analysis was conducted to measure the moisture content (ASTM E949), volatile matter (ASTM E897-88) and ash content (ASTM E830-87). Radionuclides content in biochar was determined using a Canberra n-type high purity germanium (HPGe) gamma spectrometer system with 30% relative efficiency and a resolution of 1.9 keV at 1332.5 keV of Co-60.The surface morphology of biochar was examined by a scanning electron microscope (SEM) (model FEI 400). The analysis on the functional groups of biochar was performed using Fourier transform infrared spectrophotometer (FTIR) (model Spectrum 2000/L183, USA) in the range of 500 to 4000 cm -1 . X-ray diffraction (XRD) analysis was carried out to identify any changes in the crystallographic structure in biochar sample using a PANalytical diffractometer, model X`PERT PRO MPD (PW 3040/60).
SPENT RESINS COLLECTION AND CHARACTERISATION
Spent resins of the year 2010 were obtained from Waste Development Technology Centre at Malaysian Nuclear Agency, Bangi Selangor. The spent resins samples were collected using a scoop and transferred directly into clean plastic containers before being brought to the laboratory for characterisation. The spent resins were synthetic organic ion exchange resins (i.e. Amberlite resin), which are strongly acidic gelular polystyrene cation exchange resins. Some important characteristics of spent resins were determined which include the water content, pH, conductivity and radionuclides contents. Determination of water content were conducted by drying the spent resins to a constant mass in an oven at 105°C and then its water content were calculated. The pH and conductivity of spent resins were measured by dissolving 30 g of spent resins in 100 mL of distilled water. The mixture then was stirred for about 24 h and the pH and conductivity were determined using a pH meter (Trans Instruments Model BP 3001) and a conductivity meter (Trans Instrument model HC 3010) respectively. Analysis of radionuclides content were measured using a Canberra n-type high purity germanium (HPGe) gamma spectrometer system with 30% relative efficiency and a resolution of 1.9 keV at 1332.5 keV of Co-60.
SPECIMEN PREPARATION
Cement used for solidification of spent resins was Portland cement (Lafarge Phoenix Brand). Different weights (wt) of biochar were mixed with Portland cement from 1% -16% (wt/wt), after which the spent resins were added to the cement paste. The ratio of spent resins-to-biochar was 1:1 by wt. For example, 20 g of spent resins was added together with 20 g of biochar in cement paste. Water-to-cement ratio is the weight ratio of water and cement and it is an important factor in influencing mechanical strength (Sun et al. 2011) . The water-to-cement (w/c) ratios conducted in this study were 0.35 -0.90. All mixtures were thoroughly mixed using laboratory electric cement mixer for about 10 min at room temperature (26±1ºC). The mixtures were cast into 10 cm diameter cylindrical moulds with a height of 10 cm and then allowed to set and harden at room temperature. Three identical samples were made for each formulation. After 24 h, the specimens were demoulded, then sealed in plastic bags and cured in water for 28 days. For the purposes of this investigation each formulation were evaluated to determine acceptable solidification formulation based on three criteria i.e. workability, monolithic solid and free standing water.
MECHANICAL STRENGTH TEST
Mechanical integrity was determined by measuring compressive strength of the cement-spent resins matrices. Compressive strength of 28 days cured cement-biocharspent resins matrices were measured following the test protocol specified by ASTM C-39/C39M-09a method. The compressive strength was measured using ENERPAC (Model P-84/USA) compression tester with a maximum load of 1000 psi/700 bar. Three measurements were performed for each data point and the average plus/minus standard deviation was determined. The criterion of mechanical strength for cement waste form is > 3.45 Mpa (500 psi) as recommended by the US Nuclear Regulatory Commission (NRC) Standard (NRC-US 1991).
WATER IMMERSION TEST
To determine the effect of water immersion on the mechanical strength, specimens with different formulations were subjected to a two weeks water immersion test. Specimens were fully immersed in distilled water and ground water. The groundwater was collected from wells at Sg. Chongkak, Hulu Langat, Selangor. The specimens were also visually inspected for evidence of cracking and swelling after immersion test. If there was no significant immersion effects, the specimen were tested for mechanical strength.
RESULTS AND DISCUSSION
CHARACTERISATION OF BIOCHAR
The physico-chemical characteristics of biochar used in this study are shown in Table 1 . Biochar is shown to have alkaline pH. Generally, the pH is very important in the context of radioactive waste immobilization (Atkins & Glasser 1992) . Moreover, the alkaline conditions are required to maintain the low solubility of many radionudides during solidification process. The fixed carbon and volatile matter content of biochar were 40.22% and 22.1%, respectively. The result from elemental analysis showed that biochar was carbon rich and had carbon (C) content around 45.3%. This carbon content might affect the colour of cemented spent resin matrices (Figure 1) . Hence, the higher the percentage of biochar used, the darker the colour of cement-spent resin matrix. The hydrogen/carbon (H/C) ratio of 0.05, which indicates the degree of carbonization (Chen et al. 2011) . The high H/C ratio suggests that biochar still contain a certain amounts original plant organic residue such as cellulose (Chun et al. 2004 ). The results of gamma spectrometric analysis showed that only natural radionuclides (Ra-226, Ra-228 and K-40) were detected in the biochar. The SEM images showed that surface morphology of biochar was irregular and had a macroporosity structure (Figure 2 ) which may be beneficial for radionuclides adsorption. The major bands of FTIR spectra for biochar are shown in Figure 3 . The FTIR spectra of biochar revealed a broad band at 3333 cm -1 arising from stretching vibration of hydroxyl groups and indicated significant hydrogen-bonding interaction. The absorptions bands at 2907 and 2851 cm -1 corresponding to aliphatic C-H stretching vibrations of cellulose and C-OH stretching vibration in secondary alcohols group. Other absorption bands were 1985 and 1574 cm -1 (C=O stretching of aromatics rings), 1020 cm -1 (C-O stretching) and 709 FIGURE 1. Cement-spent resins matrices with different amounts of biochar FIGURE 2. SEM micrographs of biochar cm -1 (C-H stretching). These functional groups can interact with cation to form surface complexes on biochars (Tong et al. 2011) . The XRD spectra of biochar had several peaks (Figure 4) , indicating the presence of mineral crystals.
CHARACTERISATION OF SPENT RESINS
The properties of spent resins are shown in Table 2 . The results show that the spent resins were acidic in nature. The spent resins used in this study were removed from reactor facility in Malaysian Nuclear Agency in the year 2010. Thus, after 3 years the water content in the spent resins was about 38.33% and this indicates that dewatering for spent resins is unnecessary before solidification process. In general, the volumes of spent resins need to be reduced prior to solidification process (IAEA 1985) . This is because too much water (> 50%) in the spent resins can affect the final product strength. The conductivity of spent resins leachate was 24.6 μS which indicates that a small amount of ions were released into the solutions. The radionuclides detected in spent resins were activation products (Mn-54, Co-60, Zn-65 and Eu-152) and small activity concentrations of fission products (Cs-134 and Cs-137). The highest concentration was found in Co-60 (151.64 ± 2.08 Bq/g).
COMPRESSIVE STRENGTH
A certain minimum mechanical strength is needed for solidified waste to ensure the waste is stable during handling, storage, transportation and final disposal (IAEA FIGURE 3. FTIR spectrum of biochar FIGURE 4. XRD spectrum of biochar the compressive strength of all the specimens tested after 28 days of curing. Out of 31 specimens tested for the compressive strength test, only one specimen failed to meet the minimum criterion of compressive strength for cement waste form i.e. 3.45 MPa as recommended by the US Nuclear Regulatory Commission (NRC) Standard (NRC-US 1991). The results also showed that the compressive strength of cement-biochar-spent resins matrix was dependent on the initial water to cement ratio (w/c). A certain amount of water is required to achieve homogenous mixtures as cement will compete with spent resins for water during solidification process. Too little water, the mixture will not achieve sufficient fluidity for emplacement and compaction (Glasser 2011) . At lower w/c (e.g. w/c=0.35), the mixtures exhibited very low workability and were difficult to prepare when the amount of spent resins increased. As the amount of spent resins and biochar increased, the water-to-cement ratio also increased. This indicates that more water is required to obtain a good workability and to produce a free-standing solid monolithic waste form. This shows that the spent resins and biochar content, water-to-cement ratio and the consistency of a resincement-biochar were interdependent. The compressive strength of cement-biochar-spent resins matrix tends to decrease with increase of spent resins loading. When the amount of spent resins increased to 16%, it was observed that more water (i.e. w/c = 0.9) was required to obtain the workable mixture. However, the specimen made with w/c = 0.9 had a weak compressive strength (3.22 MPa) which was slightly lower than 3.45 MPa as recommended by the US Nuclear Regulatory Commission (NRC) Standard. The weak compressive strength at higher w/c is due to the larger pore present between the cement particles in the cement paste (Bentz 2008) . At higher w/c a relatively higher degree of dilution of cement in the cement-water solution, may result in a lower rate of hydration and reduce heat of cement in early ages (Hu et al. 2014 ). The compressive strength may be affected by the amount of biochar added to the formulation. Thus, further investigation should be conducted to study the effect of biochar contents on the compressive strength of cement-biochar-spent resins matrix.
EFFECT OF WATER IMMERSION
The immersion behavior of cemented radioactive waste is important to ultimately ensure the overall safety of a storage and disposal system (Saleh 2014) . The visual observation on the specimens after a two week immersion test showed no cracks or swelling. The effect of water immersion type on the compressive strength values of cement-biocharspent resins are shown in Table 4 . The results show that the compressive strength of the specimens exhibited a slight increase when immersed in water. This may indicate that the further hydration occurred when the specimens were in contact with water. During the immersion test, some water may penetrate into the structural cemented waste interlayers, and lead to a decrease in the external porosity (Ouellet et al. 2007 ). Moreover, the dissolved silicates will precipitate and fill available spaces. When the voids are filled with precipitated phases, the material strength could be increased by refinement and segmentation of the porosity. Hence, this may contribute to increase in the compressive strength.
CONCLUSION
Based on this study, it was found that the water-to-cement ratio affected the compressive strength of cement-biocharspent resins matrix. However, it was clearly observed that the amount of spent resins added to the formulation leads to an increase in the water-to-cement ratio and hence influences the compressive strength of the cement-biocharspent resins matrix. The specimens that were subjected to the immersion test successfully passed the two weeks water immersion test without any cracks or swelling. Besides, the compressive strength of the specimens increased after the two weeks in water immersion test. Therefore, further work is needed to study the effect of biochar content on the compressive strength of the cement-biochar-spent resins matrix.
